Introduction
The successful execution ofthe genetic programme depends largely on the coordinate regulation of gene expression by mechanisms that control transcription precisely in time, space and' level. In eukaryotes, this regulation operates through protein-protein interactions between transcription factors bound to cis-acting enhancers and components of the basal transcription machinery (for review see Lewin, 1990; Roeder, 1991; Gill and Tjian, 1992; Tjian and Maniatis, '1994) . In view of multiple transcriptional repressors and activators that bind to a typical enhancer element, the regulation of gene expression in a given cell type is likely to be defined by their precise interplay which eventually determines the frequency of transcription initiation by the polymerase II (for reviews see Ptashne, 1988 ; Levine and Manley, 1989 ; Ptashne and Gann, 1990 ; Renkawitz, 1990; Carey, 1991; Tjian and Maniatis, 1994) .
Transcriptional activators (for review see Johnson and McKnight, 1989; Mitchell and Tjian, 1989) are composed of at least two distinct domains, the DNA-binding domain and the activation domain (Frankel and Kim, 1991) . While the DNA-binding domain provides the contact to specific target sites within enhancer elements, the activation domain interacts with one or more components of the general transcription machinery (Carey, 1991; Gill and Tjian, 1992) to mediate activation of gene expression. The function of the transcriptional activators can be counter-regulated in numerous ways by factors which physically associate and thereby extinguish transcription (for review see Renkawitz, 1990 Renkawitz, , 1993 . Modes by which such repressors may work include competitive binding to overlapping or closely linked DNA-binding sites to cause the displacement of activators Stanojevic et al., 1991; Hoch et al., 1992) . Alternatively, such repressors might mask the DNAbinding domain (Diamond et al., 1990; Yang-Yen et al., 1990; Treacy et al., 1991) , the activation domains (Ma and Ptashne, 1987) or the nuclear localization signals of activators (Bauerle and Baltimore, 1988) . Other modes of repression involve factors which share the modular organization of activators but contain repressor domains instead ofthe activatordomains (Licht etal., 1990 ; Han and Manley, 1993) . Those repressors were shown to interfere directly with the formation, the stability or the activity of the basal transcription machinery (Dostatni et al., 1991; Meisterernst and Roeder, 1991; Inostroza et al., 1992; Fondell et al., 1993; Roy et al., 1993; Sauer et al., 1995) . The zinc finger-type transcription factor Kriippel (KR) (Rosenberg et al., 1986) plays an essential role for several apparently unrelated morphoregulatory circuitries throughout Drosophila embryogenesis. During the early blastoderm stage, KR functions as an integral component of the segmentation gene cascade in the preblastoderm embryo (Ingham, 1988; Hoch and Jackle, 1993; Pankratz and Jackle, 1993) . Subsequently, it is both expressed and required in a number of different tissues and organs (Harbecke and Janning, 1989; Hoch et al., 1990; Gaul and Weigel, 1991; Schmucker et al., 1992) . The regulatory potential of KR was assessed previously by reporter gene expression studies involving the minimal cis-acting 'stripe element' ofthe pairrule gene even-skipped (eve) (Stanojevic et al., 1989 (Stanojevic et al., , 1991 Small et al., 1991) and by transient expression assays with tissue culture cells (Licht et al., 1990; Zhuo et al., 1990; Sauer and Jackle, 1991 (Stanojevic et al., 1989 (Stanojevic et al., , 1991 Small et al., 1991) . Similarly, KR exerts repressor function through an alaninerich N-terminal repressor domain in transfected mammalian cells (Licht et al., 1990 front of the promoter (Sauer and Jackle, 1991) . Low concentrations of KR cause activation, while at high concentrations, KR forms homodimers which cause repression Jackle, 1991, 1993) . Repression involves the KR C-terminal region which also functions as the homodimerization domain Jackle, 1991, 1993 Jackle, 1991, 1993 (Figure lb In vitro association of KNI and KR In order to assess the ability of KNI to associate with KR, we performed gel mobility shift assays and immunoprecipitation experiments (Figure 2 ). Gel mobility shift experiments were carried out with in vitro translated proteins and the labelled K-element. In the presence of standard amounts of KR, two DNA-protein complexes representing the KR monomer (C 1) and the KR homodimer (C2) bound to the K-element (Figure 2a ; see also Sauer and Jackle, 1993 (Figure 2b-d) , while KNI did not coimmunoprecipitate when the K-element was absent from the reaction mixture (Figure 2d) . Thus, the association between KNI and KR requires that KR is bound to target DNA.
Interaction between KR and DNA-bound HB HB-dependent activation of gene expression can be suppressed in tissue culture cells by co-expressed KR (Zhuo et al., 1990 CAT-activity (-fold) to the reaction mixture, additional complexes with reduced mobility were observed (Figure 3a) . Furthermore, coimmunoprecipitation experiments revealed that KR and HB associate, provided that both the HB-element and the K-element were present in the reaction mixture (Figures 2b  and 3b ). These findings establish that the two proteins can associate only when they are bound to target DNA.
Based on these results we re-examined the regulatory effect of HB co-expression on KR-dependent reporter gene expression. For this we co-transfected Schneider cells with activating or repressing amounts of pPacKR and with increasing amounts of pPacHB. In contrast to the experiments described above (Figure 1 c and d) plasmid DNA containing six HB-binding sites (see Materials and methods) were added together with the reporter genecontaining plasmid. In the presence of the HB-binding sites, HB causes repression of KR-dependent activation below the basal level of transcription (Figure 4a ) and it enhances KR-dependent repression of reporter gene expression (Figure 4b ). These findings suggest that the association of KR with HB results in a heterodimer which acts as a repressor of transcription. HB and KNI associate with different regions of KR To delineate the regions within KR that are necessary for the interactions with HB and KNI, we made use of truncated versions of KR which maintain the potential either to activate or to repress reporter gene expression in tissue culture cells ( Figure 5 ). The KR derivatives KRC-187 and KRC-64, which lack different C-terminal portions of KR, act only as activators (Figure 5a and b) , while KR derivatives, which lack the N-terminal 166 or 210 amino acids, act only as repressors (Figure 5c and d) . Thus, the different KR truncations could be used to examine the ability of co-expressed HB and KNI to interfere with the residual KR regulatory function.
KNI expression did not interfere with KRC-64-dependent reporter gene activation, while co-expression of HB in the presence of DNA containing six HB-elements caused repression (Figure 5e ). This suggests that KNI has lost the ability to interfere with KRC-64-dependent gene expression (compare with Figure 2g) . Similarly, KRC-187 has lost the ability to respond to both KNI and HB (Figure 5f ). Thus, the amino acid interval 279-402 of KR is required to mediate the interaction between HB and KR. Furthermore, co-expression of KNI had no effect on KR-dependent expression when the N-terminal 1 6 or 210 amino acids were deleted (Figure 5g , and hl). However, HB caused strong repression in both cases (Figure 5g2 and h2). These results indicate that KNI and HB require distinct regions of KR to exert their effects on KRdependent reporter gene regulation.
We asked next whether these regions of KR are also required for the association with KNI and HB. For this we performed immunoprecipitation experiments. The results shown in Figure 6 indicate that the regions required to mediate the regulatory effects of KNI or HB on KRdependent reporter gene expression in Schneider cells (see Figure 5 ) are also necessary for the in vitro heterodimer formation with KNI and HB (Figure 6a and b) . This suggests that the regulatory effects on KR-dependent reporter gene expression observed in tissue culture cells are mediated by the association of KNI and HB with KR.
Discussion
Our study provides evidence that the transcription factors HB and KNI can associate with KR in vitro and that they interact functionally with KR-dependent target gene expression mediated by a single KR-binding site close to the promoter in Drosophila Schneider cells. This finding appears to contradict in vivo studies which assessed the functions of KR and HB within the segmentation gene cascade through systematic deletions and replacements of binding sites within the cis-acting eve stripe 2 control element (Stanojevic et al., 1989 (Stanojevic et al., , 1991 Small et al., 1991) . Within the scenario of factors and multiple binding sites for HB and the fly morphogen bicoid which act as activators, KR acts as a repressor competing for the binding and/or activity of activators by a mechanism that involves weak protein-protein interactions rather than by factor association Stanojevic et al., 1991; reviewed in Hoch and Jackle, 1993) . The cultured cell assay described in the present study is therefore not valid to represent the mode of HB and KR interaction within the eve stripe 2 control element and vice versa. This suggests that a single assay system is not sufficient to assess all aspects of the potential gap gene functions in vivo but rather allows the study of one mode by which HB, KR and KNI exert their functions at different stages and cell types during development.
The observed interactions between HB or KNI and KR fall into none of the known interactions between transcriptional activators and associated proteins which block activation domains (Ptashne, 1988 domains (Treacy et al., 1991) or nuclear translocation signals (Nolan and Baltimore, 1992) . Instead, HB and KNI act through DNA-bound KR and thereby generate functional transcription repressor complexes. This observation is a first view reminiscent of the interaction between the glucocorticoid receptor (GR) and transcription factor API when only one of the two transcription factors is bound to DNA (for review see Renkawitz, 1993) . In case API is bound to DNA, co-expression of GR can silence AP1-dependent transcriptional activation and vice versa, suggesting that protein-protein interactions between API and GR block the activating functions of the two transcription factors. In terms of transcription, these interactions reverse the level of transcription from activated to basal, but they do not repress transcription completely (for review see Renkawitz, 1993 Ongoing studies of transcriptional regulation suggest that an interplay of transcriptional activators, indirect repressors (which modulate the activators) and direct repressors determines the regulatory input from an enhancer site on gene expression (Levine and Manley, 1983; Renkawitz, 1990 ; for reviews). KNI (Licht et al., 1990; Zhuo et al., 1990; Sauer and Jiickle, 1991; Struhl et al., 1992) . One may speculate that the association of KR with KNI or HB results in a conformational change of the KR molecule which opens up one or both of the known KR repression domains (Licht et al., 1990; Sauer and Jackle, 1991) that interact with components of the basal transcription machinery to cause the repression effect observed.
Although the molecular mechanisms of repression are unknown, the phenomenon that individual transcription factors can form repressor complexes adds new variables to the already complex interplay of transcriptional factors required for the control of gene regulation. This implies that under certain conditions, transcription factors can combine and thereby gain novel functions that differ from the individual function of each partner. Furthermore, the finding that KR can also serve as a tether to recruit transcription factors in the vicinity of the promoter alludes to the possibility that not only transcriptional activation (Carey, 1991;  for review) but also repression can be directed by transcription factors which bind to a DNAbound transcription factor rather than acting from their specific DNA-binding site within the promoter.
Materials and methods

In vitro transcription and translation
The plasmids used for our in vitro transcription studies were based on pBluescript SK+ (Stratagene, San Diego, CA) . cDNAs were inserted in a way that in vitro transcription could be initiated by T7 RNA polymerase. KR, KRN-210 and KRC-64 mRNAs were derived from the recently described plasmids pBlueKR, pBlueKRN-210 and pBlueKRC-64, respectively (Sauer and Jackle, 1993) . KRN-1 16 and KRC-187 mRNA was obtained from the plasmids pBlueKRN-116 and pBlueKRC-187 which were generated as follows: a 1.5 kb BstXI-EcoRI fragment from pBlueKR was end-filled, ligated with EcoRI linkers to create a new start codon at amino acid position 210, and the resulting 1.5 kb EcoRI fragment was inserted into the corresponding restriction site of pBluescript to generate pBlueKRN-1 16. To create pBlueKRC-187, a 1.2 kb NdeI-PvuII fragment from pBlueKR was blunt-ended ligated with EcoRI linkers and inserted into the EcoRI restriction site of pBluescript. pBlueHB was generated by inserting a 2.8 kb XbaI full-length hb cDNA (Tautz et al., 1987) into the XbaI restriction site of pBluescript. pBlueKNI was created by inserting the end-filled 2.1 kb full-length kni cDNA fragment from pcEH2 (Gerwin et al., 1994) into the EcoRV restriction site of pBluescript. In vitro transcription reactions were performed as described before (Sauer and Jackle, 1993 NP-40, 50% glycerol, 10 mg/ml spermidine, 5 mg/ml BSA, 10 mM ZnSO4, 100 ng/ml salmon sperm DNA) and variable volumes of water were added to make up a total volume of 49 ,ul. After preincubation for 15 min, 200 ng of K-element DNA were added. If target DNA for HB was included, we used a synthetic oligonucleotide ('HB-element') which contains a single HB-binding site (underlined) of the sequence 5'-GGATAGCGGCCAAAAAAAGCG-3' of the eve stripe 2 enhancer (Stanojevic et al., 1989) . The reaction mixture was incubated for another 30 min. The volume of the probe was then increased to 500 ,ul by adding ice-cold I x binding buffer, and the antibody was added. We used the polyclonal antibodies anti-KR (Gaul and Weigel, 1991) , anti-KNI (Gerwin et al., 1994) and anti-HB (Tautz, 1988) produced in rabbits. The probe was incubated for at least 2 h on a rotating wheel. The total volume of the reaction mixture was increased to 1.5 ml by adding 1 x binding buffer and 25 RI protein A-agarose beads (Sigma) prewashed with 1 X binding buffer. This reaction mixture was incubated for 2 h. Immunocomplexes were precipitated and washed eight times with 2.5>x binding buffer. Proteins were analysed by SDS-PAGE. Gels were fixed and treated with Enhancer (Amersham) and exposed for 24 h against a Kodak X-ray film to detect [35S]methionine-labelled proteins. Gel mobility shift assays Gel mobility shift assays were performed with in vitro translated, unlabelled proteins. Aliquots (0.1-8.0 ,l) of reticulocyte lysates programmed with mRNA of Kr, Kr derivatives or target proteins (HB, KNI, GT) were incubated in lX binding buffer (20 mM Tris-HCI, 35% glycerol, 25 mM NaCl, 10 lM ZnSO4, 10 mg/ml spermidine, 1 mg/ml BSA, 100 ng/ml salmon DNA) together with 0.01 ng [32P]CTP-labelled K-element DNA in a total volume of 30 ,l for 30 min at room temperature. One third of each reaction was loaded onto a native 6% polyacrylamide (29:1) gel. The probes were separated at 15 V/cm gel length. Gels were dried and exposed for 16 h against a Kodak X-ray film. When HB was present in the reaction mixtures, 100 ng/reaction of the HB-element DNA (see above) was included, and the probes were analysed on a native 4% polyacrylamide (29:1)/ 7.5% glycerol gel. Expression plasmids and reporter genes Expression plasmids are based on pPac which contains the constitutive actin SC promoter and the actin polyadenylation signal (Krasnow et al., 1989) . pPacKR, pPacKRC-64, pPacKRN-1 16 and pPacKNI were described recently Jackle, 1991, 1993; Hoch et al., 1992) . pPacKRN-210 and pPacKRC-187 were generated by inserting the 1.3 kb end-filled EcoRI fragment from pBlue KRN-210 (Sauer and Jiickle, 1993) or the 1.2 kb EcoRI fragment from pBlueKRC-187 into the bluntended BamHI restriction site of pPac. For generating pPacHB and PacGT full-length hb or gt cDNA (see in vitro transcription) was inserted into the BamHI restriction site of pPac. The reporter plasmid pAdh86CAT-1K was described recently Jackle, 1991, 1993) . pBluekniKE was generated by inserting the 0.6 kb KpnI-EcoRI fragment out of the knirps upstream region (Pankratz et al., 1992) into the corresponding restriction sites of pBluescript. Plasmids used for transfections were purified using Qiagen columns and subsequent CsCI gradients.
Transfections
Drosophila Schneider cells were maintained as described by Gerwin et al. (1994) , except that the cells were raised in a medium containing 12% fetal calf serum. Transfections were done as described recently (Sauer and Jackle, 1993) . For the expression of all proteins of this study the expression vector pPac (Krasnow et al., 1989) was used. Cells were transfected with a constant amount of DNA (20 ,g) which consists of variable amounts of expression plasmids, 2 gg reporter plasmid pAdh33-IK (Sauer and Jackle, 1993) , 2 ,tg of the reference gene plasmid pPaclacZ (Driever and Nusslein-Volhard, 1989 ) and variable amounts of pBluescript (Stratagene, San Diego). Cells were harvested 60 h after transfection. Reporter gene activity was determined as described (Sauer and Jackle, 1991 ) using a commercial CAT-ELISA (5-prime/3-prime, Boulder, USA). The reporter gene activity was standardized against the reference gene activity. In each case, the results shown represent the mean values of at least eight independent experiments. The standard deviation in each experimental series shown was <10%.
